Saccharomyces cerevisiae possesses two Escherichia coli endonuclease III homologs, NTG1 and NTG2, whose gene products function in the base excision repair pathway and initiate removal of a variety of oxidized pyrimidines from DNA. Although the glycosylase activity of these proteins has been well studied, the in vivo importance of the AP lyase activity has not been determined. Previous genetic studies have suggested that the AP lyase activities of Ntg1p and Ntg2p may be major contributors in the initial processing of abasic sites. We conducted a biochemical characterization of the AP lyase activities of Ntg1p and Ntg2p via a series of kinetic experiments. Such studies were designed to determine if Ntg1p and Ntg2p prefer speci®c bases located opposite abasic sites and whether these lesions are processed with a catalytic ef®ciency similar to Apn1p, the major hydrolytic AP endonuclease of yeast. Our results indicate that Ntg1p and Ntg2p are equally effective in processing four types of abasic site-containing substrates. Certain abasic site substrates were processed with greater catalytic ef®ciency than others, a situation similar to Apn1p processing of such substrates. These biochemical studies strongly support an important biological role for Ntg1p and Ntg2p in the initial processing of abasic sites and maintenance of genomic stability.
INTRODUCTION
Oxidative damage is one of the most common types of DNA base damage resulting from a variety of endogenous and exogenous exposures to reactive oxygen species (1±5). If left unrepaired, these base modi®cations may lead to mutations and cell death and have been implicated in a number of degenerative processes such as cancer and aging (2±5). The primary pathway for the removal of oxidative damage is thought to be base excision repair (BER). The ®rst step of BER is the excision of the damaged base initiated by a DNA N-glycosylase. This creates an abasic site where the phosphodiester backbone is subsequently cleaved either by the hydrolytic activities of an apurinic/apyrimidinic (AP) endonuclease, creating a 3¢ hydroxyl group and 5¢ deoxyribose phosphate (dRP), or by an AP lyase activity associated with certain DNA N-glycosylases. The AP lyase activity produces a 3¢ a,b-unsaturated aldehyde and a 5¢ phosphate via a b-elimination reaction (6) . The cleavage reactions mediated by hydrolytic AP endonucleases and b-elimination AP lyases are shown in Figure 1 . Following the end-trimming activities of one or more of dRPase, 3¢ phosphodiesterase, 3¢ phosphatase or 3¢¯ap endonuclease, BER is completed when DNA polymerase ®lls in the gap and DNA ligase seals the ends together (7±10).
In Saccharomyces cerevisiae, Ntg1p and Ntg2p are N-glycosylase/AP lyases that remove oxidized pyrimidines from DNA. Both show signi®cant sequence homology to each other (41% identity, 63% similarity) and exhibit a range of overlapping but not identical substrate speci®cities (11, 12) . As Escherichia coli endonuclease III homologs, both proteins contain a conserved hairpin±helix±hairpin motif thought to be involved in DNA binding (13) . Despite their similarities, these proteins each display several notable differences. Ntg1p does not possess a consensus sequence for a C-terminal iron-sulfur center, typical of all other endonuclease III homologs, including Ntg2p (14) . Ntg2p is localized exclusively to the nucleus whereas Ntg1p contains a 17 amino acid mitochondrial targeting sequence at the N-terminus and co-localizes to both the mitochondria and the nucleus (15, 16) . In addition, expression of NTG1 mRNA appears to be inducible in response to oxidizing agents while NTG2 mRNA expression seems to be unaffected (15, 17) . So far, S.cerevisiae is the only organism known to contain two such endonuclease III homologs.
Abasic sites are the intermediate step of BER and can also be generated by chemical induction or spontaneous base hydrolysis (1) . It has been generally assumed that hydrolytic AP endonucleases are the primary proteins involved in the initial processing of abasic sites (18) . Yeast strains lacking the major hydrolytic AP endonuclease, Apn1p, have been reported to be moderately sensitive to oxidizing agents and alkylating agents (19) . Further, an increase in the level of spontaneous mutations and sensitivity to methyl methane sulfonate has been reported in apn1D apn2D strains (20) . A series of BER yeast mutants lacking Ntg1p, Ntg2p and Apn1p singly and in combination were assessed for their respective contributions in protecting the cell from various oxidizing agents. Surprisingly, no single or combination of double mutants showed a decrease in cell survival over the wild-type strain. Furthermore, the BER-de®cient triple mutant, ntg1 ntg2 apn1, also did not exhibit substantial sensitivity to oxidizing agents over the wild-type but did exhibit a hyper-recombination and mutator phenotype. When this BER defect was combined with a de®ciency in either nucleotide excision repair (NER), translesion synthesis (TLS) or recombination (REC), then oxidizing agent sensitivity was observed (21) . These ®ndings indicated that overlap exists for the processing of a lesion(s), probably abasic sites, between the BER, NER, TLS and REC pathways. This genetic analysis also led to the conclusion that Ntg1p, Ntg2p and Apn1p proteins were most likely competing for a common substrate (abasic sites) and suggested that AP lyase activity might be as effective as Apn1p in the initial processing of abasic sites in yeast (21, 22) . Therefore, the AP lyase activities of Ntg1p and Ntg2p may play an important biological role for the repair of abasic sites.
To address the above possibility, we have conducted biochemical analyses of Ntg1p, Ntg2p and Apn1p on a series of duplex oligonucleotides containing abasic sites opposite to G, A, T or C for the purpose of revealing any potential differences in substrate speci®city and catalytic ef®ciency among these proteins. A comparison of the kinetic parameters was carried out. Our biochemical results provide strong support for the notion that the AP lyase activities of Ntg1p and Ntg2p are biologically relevant functions of these proteins for eliminating the potential mutagenic and cytotoxic effect of abasic sites in yeast. Abasic site processing by AP endonucleases and AP lyases. Spontaneous hydrolysis of the N-glycosidic bond occurs frequently in genomic DNA guanine sites to produce abasic sites. Abasic sites are also produced by DNA N-glycosylases during the initial stops of BER (not shown). AP endonucleases (such as Apn1p) cleave DNA hydrolytically at (A) to generate a strand scission product containing a 5¢ deoxyribose phosphate and a 3¢ hydroxyl group. AP lyases cleave DNA by a b-elimination mechanism to generate a strand scission product containing a 5¢ phosphate and a 3¢ unsaturated aldehyde.
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MATERIALS AND METHODS

Enzymes and chemicals
Escherichia coli endonuclease III was a generous gift from Dr Yoke Wah Kow (Emory University). T4 polynucleotide kinase was purchased from Promega and uracil DNAglycosylase (UDG) was obtained from New England Biolabs. All other chemicals were of molecular biology grade or better.
Expression and puri®cation of Ntg1p, Ntg2p and Apn1p
The NTG2 coding region was ampli®ed by PCR using pRSETA-Ntg2 as template and primers d(pCATGCCATGG-GAGAGGAAAGTAGG) and d(pCGGGATCCTTAGTGA-TGGTGATGGTGATGTTTTTTCTTGTGTCTTTCTG). The PCR product was cloned into the NcoI and BamHI restriction sites of pET15b (Novagen).
Ntg1p and Ntg2p were puri®ed as previously described (11, 14) . Brie¯y, E.coli strain BL21 (DE3) containing the expression vector, either pGEX2T for GST±Ntg1p or pET15b for Ntg2p±His 6 , were grown in LB broth with ampicillin (100 mg/ml) to an OD 600 of 0.5±1.0. Expression of GST±Ntg1p was induced by the addition of 1 mM isopropyl b-Dthiogalactoside (IPTG) for 2 h at 37°C. Cells were centrifuged at 12 000 g for 30 min and then lysed via sonication. The supernatant was applied to glutathione±Sepharose af®nity beads (Pharmacia). Bound GST±Ntg1p was eluted with 10 mM reduced glutathione and then further puri®ed to apparent homogeneity by Mono S FPLC (Pharmacia). Expression of Ntg2p±His 6 was attained by the addition of 1 mM IPTG for 3 h at 25°C. The fractions that contained Ntg2p were further puri®ed by a combination of Ni + af®nity chromatography (Qiagen) and Mono S FPLC (Pharmacia), resulting in a nearhomogeneous protein preparation.
For expression and puri®cation of Apn1p, an expression plasmid, pGEX-4T-1-Apn1, was obtained from Dr Dindial Ramotar (Montreal, Canada). BL21(DE3) cells containing this plasmid were grown as described above for Ntg1p and Ntg2p. Protein expression was induced by the addition of 1 mM IPTG at 25°C for 4 h. Cells were lysed via sonication and harvested by centrifugation at 12 000 g for 30 min at 4°C. The supernatant was applied to glutathione±Sephorase beads and GST±Apn1p was eluted with 10 mM reduced glutathione and further puri®ed by Mono S FPLC. Protein concentrations were determined by the Bradford assay (23).
Preparation of DNA repair enzyme oligonucleotide substrates
An oligonucleotide (37mer) containing uracil at position 19 (U-37mer) was purchased from Integrated DNA Technologies (Coralville, IA) with the sequence d(pCTTGGACTGGA-TGTCGGCCXAGCGGATACAGGAGCA) (X = U). Complementary strands to the U-37mer containing either G, A, T or C opposite to the U were also obtained from Integrated DNA Technologies. All oligomers were gel puri®ed prior to use. The U-37mer was 5¢-end-labeled with [g-32 P]ATP (Amersham) and T4 polynucleotide kinase (Promega) prior to annealing to the complementary strand (11) . Unincorporated radioactivity was removed via puri®cation on a G-30 spin column (Bio-Rad). Single-stranded U-37mer was annealed in a 1:2 molar ratio to the appropriate complementary strand and heated to 80°C for 10 min, then cooled slowly to room temperature. All duplex oligos (U/G-, U/A-, U/T-and U/C37mer) were gel puri®ed on a 15% non-denaturing gel (11) . For the generation of abasic sites, each duplex oligonucleotide was incubated with UDG (4 U) at 37°C for 45 min in UDG buffer (30 mM HEPES±KOH, pH 7.5, 1 mM EDTA and 50 mM NaCl) followed by phenol/chloroform extraction and ethanol precipitation. All AP-37mer oligos were quanti®ed by UV spectroscopy then evaluated for abasic site content by quantitative cleavage with 0.1 M piperidine at 90°C for 10 min followed by analysis on a 20% denaturing (7 M urea) polyacrylamide gel.
DNA strand scission assays DNA strand scission assays were performed in either 10 or 20 ml reaction volumes containing buffer B (15 mM KH 2 PO 4 , pH 6.8, 10 mM EDTA and 10 mM b-mercaptoethanol) plus 40 mM KCl. To measure AP lyase activity on AP/G, AP/A, AP/T or AP/C substrates, reaction mixtures contained 20 nM duplex abasic site-containing oligos and were incubated with a ®nal protein concentration of 10 nM Ntg1p, Ntg2p or Apn1p. Three replicates for each substrate type were incubated at 37°C for various time intervals (0±8 min). All reactions were terminated by the addition of 5 ml formamide dye loading solution and held on ice. Prior to gel loading, samples were heated at 65°C for 45 s then placed back on ice.
Kinetic assays were performed in triplicate using a range of substrate concentrations (5±100 nM) and the protein concentrations were 2 nM for Ntg1p and Apn1p and 10 nM for Ntg2p. Reactions were incubated at 37°C for various times (0±4 min). Reaction products were electrophoresed on a 20% denaturing (7 M urea) polyacrylamide gel. Following electrophoresis, DNA strand scission product formation was determined by phosphorimager (Molecular Dynamics) analysis of the gel using ImageQuant (Molecular Dynamics). Data were taken from the 4 min time point and used in Origin 5.0 (Origin Lap) statistical analysis software and Excel (Microsoft) to compute kinetic parameters.
RESULTS
Abasic sites in DNA are generally regarded as thermolabile and susceptible to strand cleavage when exposed to heating. Many studies employ procedures that avoid exposure of samples containing non-modi®ed abasic sites to elevated temperatures prior to gel loading or use modi®ed abasic site analogs such as tetrahydrofuran to determine enzymatic processing of abasic site substrates (24±27). For methodological/analytical purposes, we examined the effect of heating samples containing unmodi®ed, natural abasic site substrates for DNA strand scission at different times and temperatures following incubation with either yeast Ntg1p or human APE-1. In non-heated samples, the strand scission product was dif®cult to quantify due to signi®cant smearing of the corresponding band in the gel (Fig. 2) . In contrast, heating the samples at 65 or 90°C eliminated the band smearing, signi®cantly improved band resolution and improved quanti®cation of DNA strand scission. In addition, direct comparisons of the product bands at 65 or 90°C for short periods of time (0±2 min) produced negligible quantitative differences, indicating that unmodi®ed, natural abasic sites are stable under these analytical conditions. In the negative control lanes (no protein), the background DNA strand scission observed between heated and non-heated samples varied from 1 to 4% at both 65 and 90°C regardless of time of incubation. Thus, under our experimental conditions, brie¯y heating the samples improved quanti®cation of DNA strand scission products and did not introduce signi®cant background into the analysis of enzyme-mediated DNA cleavage at abasic sites. Consequently, the unmodi®ed abasic site appears to be relatively stable under appropriate pH, temperature and chemical conditions. Therefore, the biochemical characterization of abasic site processing using oligonucleotides containing an unmodi®ed, natural abasic site within a random DNA sequence may re¯ect a more realistic environment for enzyme-mediated processing.
Ntg1p and Ntg2p ef®ciently cleave DNA at abasic sites
Genetic evidence suggests that the AP lyase activity of Ntg1p and Ntg2p may play an important biological role in the initial processing of abasic sites (21) . Due to the high frequency of spontaneous depurination at guanine sites, we hypothesized that AP/C might be a preferred substrate, as well as apurinic sites generated by the glycosylase activities of Ntg1p and Ntg2p on oxidized pyrimidines. To assess whether these proteins demonstrated preferences for abasic sites located opposite different DNA bases, we prepared a series of duplex oligonucleotides containing abasic sites in all four opposite base contexts (AP/G-37mer, AP/A-37mer, AP/T-37mer and AP/C-37mer). Figure 3 shows the enzymatic activities of Ntg1p and Ntg2p on this series of AP-37mer substrates. Quanti®cation of the DNA strand scission products shows that Ntg1p and Ntg2p exhibit very similar abasic site substrate speci®cities and are approximately equal in their abilities to process all four types of abasic site-containing substrates. These results also indicate that both Ntg1p and Ntg2p exhibit a moderate preference for AP/T sites. These ®ndings contrast with the human endonuclease III homolog, hNTH1, which shows a distinct preference for AP/G substrates compared to other opposite base contexts (28) . We conclude that both Ntg1p and Ntg2p ef®ciently recognize and process abasic sites in duplex DNA regardless of the opposite base context and that their abilities to catalyze strand cleavage are comparable to that of Apn1p.
The kinetic parameters of Ntg1p and Ntg2p for processing abasic sites are similar to Apn1p
The kinetic parameters for Ntg1p, Ntg2p and Apn1p were determined using all four base contexts opposite an abasic site. Figure 4 shows Lineweaver±Burk plots for Ntg1p, Ntg2p and Apn1p for the AP/T-37mer substrate. The calculated kinetic parameters for the processing of all abasic site substrates used Figure 3 . Excision ef®ciencies of Ntg1p, Ntg2p and Apn1p processing abasic sites in different opposite base contexts. The abasic site-containing oligonucleotide duplex contained either guanine (diamonds), adenine (squares), thymine (triangles) or cytosine (circles) opposite to the abasic site. A 2:1 molar ratio of substrate to protein was subjected to incubation for 0±8 min at 37°C. Experiments were performed in triplicate. The percent cleavage was quanti®ed by phosphorimager analysis. Error bars represent the standard error. Figure 2 . Effect of post-enzyme incubation sample heating on DNA strand scission analysis. The abasic site-containing strand was 5¢-end-labeled with 32 P and annealed to the complementary strand containing G opposite the abasic site. Oligonucleotide cleavage products were electrophoresed and subjected to phosphorimager analysis as described in Materials and Methods. (A) AP/G-37mer (70 nM) was incubated with 160 ng Ntg1p (lanes 1±4), no protein (lanes 5±8) or 160 ng APE-1 (lanes 9±12) for 20 min, then heated to 90°C for 2 min, 1 min, 20 s or 0 s, respectively. (B) AP/G-37mer (70 nM) was incubated with 160 ng Ntg1p (lanes 1±4), no protein (lanes 5±8) or 160 ng APE-1 (lanes 9±12) for 20 min then heated to 65°C for the increasing time intervals described above. UC designates uncleaved duplex oligonucleotide and CP designates the single-stranded cleaved product.
Nucleic Acids Research, 2003, Vol. 31, No. 19 5563 in this study are given in Table 1 . The K m value for Apn1p obtained here was in the range of that reported from previously published studies on depurinated poly[d(A-T)] and abasic site plasmid substrates at 5.5 and 20 nM, respectively (29) . However, other kinetic parameters (k cat or turnover number and k cat /K m or catalytic ef®ciency) were lower for the AP37mer substrates used in the present study (29) . Such differences may be attributed to the use of recombinant protein (here) versus the puri®ed, endogenous cellular protein used in the previous studies (29) . Further, it is also likely that speci®c¯anking sequences surrounding the abasic site may have contributed to the differences in our kinetic parameters for Apn1p. Our results show that the AP lyase activities of Ntg1p and Ntg2p exhibit enzymatic ef®ciencies for processing AP/T and AP/C that are comparable to Apn1p. Interestingly, both Ntg1p and Ntg2p, but not Apn1p, had signi®cantly lower enzymatic ef®ciencies when processing apurinic (abasic sites opposite pyrimidines) sites when compared to apyrimidinic (abasic sites opposite purines) sites.
A striking difference between Ntg1p and Ntg2p is that Ntg2p exhibited apparent substrate inhibition. Figure 5 shows that the initial velocity of Ntg2p decreases with increasing substrate concentration. As a result, whenever the substrate concentration exceeded the protein concentration more than 2-fold, the initial velocities decreased. Consequently, the initial velocities for Ntg2p were determined for a relatively narrow range of substrate concentrations.
DISCUSSION
Abasic sites are one of the most frequently occurring spontaneous lesions in cellular DNA (30) . They arise through hydrolysis of the N-glycosidic bond between the base and the deoxyribose moiety, from free radical attack via oxidizing agents and ionizing radiation or as an intermediate product during the process of BER (10, 18) . If abasic sites are not repaired, they may cause DNA strand breaks leading to genetic instability or cell death. Therefore, it is critical that the cell has multiple repair proteins to counter such potentially deleterious effects and restore genomic ®delity. It has been generally assumed that in S.cerevisiae, Apn1p is the major repair protein responsible for the initial processing of abasic sites. This notion is due in part to the fact that the biological importance of AP lyase activity in processing abasic sites in vivo is not well understood. However, genetic studies by Swanson et al. provide biological evidence that the AP lyase activities of Ntg1p and Ntg2p are major contributors to the removal of abasic sites (21) . In this study, we have directly compared the activities of Ntg1p and Ntg2p to Apn1p on a variety of abasic sites substrates. Since Ntg1p and Ntg2p Figure 4 . Kinetic analysis of AP/T 37mer DNA strand cleavage by Ntg1p (A), Ntg2p (B) and Apn1p (C). Kinetic assays were performed in triplicate using a range of substrate concentrations (5±100 nM). Protein concentrations were 2 nM for Ntg1p and Apn1p and 10 nM for Ntg2p. Strand scission was determined by phosphorimager analysis. The panels are plots of 1/reaction rate (pmol/min) versus 1/substrate concentration (nM). The average values were used to obtain a best ®t Lineweaver±Burk plot. Error bars represent the standard error.
recognize a wide spectrum of oxidized pyrimidines, it might be reasonable to expect robust AP lyase activities on AP/A and AP/G substrates and perhaps less substantial activites on AP/T and AP/C substrates. In this regard, our results are somewhat unexpected. We have presented the ®rst direct biochemical evidence that both Ntg1p and Ntg2p possess robust AP lyase activities directed against abasic site-containing substrates in all opposite base contexts and support the idea that this AP lyase activity mediates an important physiological role in yeast. A comparison of the kinetic parameters in Table 1 suggests that for Apn1p there are minimal catalytic differences between the four types of abasic site-containing substrates. In addition, all three proteins seem to process AP/C and AP/T sites with equal ef®ciencies. However, Ntg1p and Ntg2p exhibit signi®cant differences when the abasic site is opposite purines or pyrimidines. Furthermore, the catalytic ef®ciencies of Ntg1p and Ntg2p AP lyase activities are much lower when compared with the catalytic ef®ciencies of their DNA N-glycosylase activities on substrates such as dihydrouracil (Ntg1p 21.5 min ±1 nM, Ntg2p 0.833 min ±1 nM) (11) . Therefore, the chemical nature of the initial substrate is important for determining the enzymatic activity of Ntg1p and Ntg2p and is consistent with another DNA N-glycosylase/AP lyase in S.cerevisiae, yOGG1p, whose AP lyase activity is approximately 5-fold lower than its glycosylase activity (31) . These ®ndings could also be related to the type of base pairing generated by DNA N-glycosylases that do not possess AP lyase activity and are directed against base lesions produced by cytosine deamination or alkylation. For example, 3-methyladenine DNA glycoslyase removes toxic 3-methyladenine adducts producing an abasic site opposite to T. If Ntg1p and Ntg2p show a preference for handling AP/T sites, perhaps these proteins are just as likely to process the AP/T site as Apn1p. Spontaneous base hydrolysis occurs an estimated 10 000 times per mammalian cell per day and is thought to involve purines more frequently than pyrimidines. It is conceivable that a similar level of spontaneous base hydrolysis occurs in S.cerevisiae and concurrent repair events to minimize abasic sites may require the collective, simultaneous actions of Apn1p, Ntg1p and Ntg2p. Although the precise cellular levels for Ntg1p and Ntg2p are unknown, if these proteins are expressed at levels comparable to Apn1p, all three enzymes would be potentially available for ef®cient processing of abasic sites. Our ®nding that Ntg2p consistently exhibited a relatively low turnover for abasic sites reveals an important difference between Ntg1p and Ntg2p and could be indicative of either substrate or product inhibition. The inhibition observed occurred at relatively low substrate concentrations and somewhat limits the interpretation of the kinetics measurements for Ntg2p. This result was somewhat surprising, as the kinetic parameters for Ntg2p glycosylase activity for substrates containing a variety of other base damage products were determined and did not show substrate concentration dependence (11, 12) . While the crystal structures for Ntg1p and Ntg2p have not been determined, they are assumed to be similar to E.coli endonuclease III. It is possible that some unknown, subtle structural differences could help explain the biochemical differences between Ntg1p and Ntg2p.
It is recognized that the steps of BER are highly coordinated as a mechanism to protect the exposure of the abasic site to the cellular environment (32, 33) . Another potential explanation for Ntg2p low turnover seen in these in vitro studies could be that Ntg2p has an increased association time for abasic sites as a means to protect the abasic site until Apn1p uses its 3¢ diesterase activity to remove the potentially toxic 3¢ a,bunsaturated aldehyde to produce a 3¢ hydroxyl group, thus creating a substrate for DNA polymerase. It was recently reported that human thymine-DNA glycosylase (TDG) was covalently modi®ed through a family of ubiquitin-like proteins, SUMO-1 and SUMO-2/3 (34). SUMO conjugation dramatically changed the enzymatic properties of TDG, reducing DNA binding af®nity and modulating its AP endonuclease-mediated turnover number. To date, although no other BER proteins, yeast or human, have been shown to exhibit post-translational sumoylation, it is conceivable that similar modi®cations of N-glycosylases such as Ntg1p and Ntg2p could signi®cantly modify their kinetic parameters. In this regard, there are several examples of other types of yeast proteins that undergo sumoylation and subsequent activity modi®cation (35±37).
In conclusion, our ®ndings provide a biochemical basis for the notion that the AP lyase activities of Ntg1p and Ntg2p are important for the initial processing of abasic sites in S.cerevisiae. It should be emphasized that ntg1 ntg2 apn1 triple mutants exhibit an 18-fold increase in recombination rates while neither ntg1 ntg2 double nor apn1 single mutants exhibit recombination rates signi®cantly above wild-type (21) . These genetic data together with our in vitro kinetic studies suggest that both the hydrolytic AP endonuclease activity of Apn1p and the AP lyase activities of Ntg1p and Ntg2p are important for the processing of abasic sites in S.cerevisiae. It should also be emphasized that the role of the AP lyase activity may be a yeast-speci®c function. For human proteins, it has been reported that when APE-1, the major hydrolytic AP endonuclease, is present at certain concentrations, it stimulates the glycosylase activity of hOGG1 and hNth, resulting in a bypass of their associated AP lyase activities (25, 38, 39) . Conversely, a recent report characterizing mutants defective in Nth1, the Ntg1/2p homolog in Schizosaccharomyces pombe, demonstrated that the AP lyase activity of this protein and not the S.pombe Apn1p homolog, Apn1p (possessing no AP endonuclease activity), is the major cellular enzyme for the repair of abasic sites (40, 41) . Therefore, the contributions of hydrolytic AP endonucleases and/or AP lyases, either individually or collectively, to initiating the repair of abasic sites seems to be species dependent. We propose that in addition to Apn1p, Ntg1p and Ntg2p are major contributors to the repair of abasic sites in S.cerevisiae.
